Introduction ε-Poly-L-lysine (ε-PL), initially isolated from Streptomyces liquid cultures, consists of 25-35 residues of L-lysine connected by unique linkages between the epsilon amino and alpha carboxyl groups [25] . In recent studies, Kitasatospora and Bacillus strains were reported to be capable of producing ε-PL [5, 20] . This extends our knowledge about the diversity of ε-PL-producing strains in the natural environment. ε-PL is a membrane-active agent owing to its polycationic property, and is effective on diverse microorganisms, including bacteria, filamentous fungi and yeast, and viruses [26, 27] . Moreover, ε-PL is biodegradable, and is non-toxic to humans and the environment [11] . Given these properties, ε-PL is an excellent material for utilization as a food preservative, and its use has increased in the food industry in Japan, South Korea, and the United States. ε-PL can also act as an anti-obesity agent, a hydrogel, an endotoxin neutralizer, a biosensor, and a carrier for drug delivery [21, 24, 31] . Recently, various forms of ε-PL and its analog have been synthesized in labs to improve the delivery efficiency of nucleic acids for gene therapy [6, 18] .
The high demand for ε-PL in the food industry, in medicine, and in agriculture has inspired global interest in its production, and numerous studies have been performed. These have mainly focused on the isolation of ε-PLproducing bacterial strains [5, 12, 19, 20] , strain improvement [10, 16] , determination of the biosynthetic mechanisms of ε-PL [8, 14, 22, 29, 30] , characterization of ε-PL-degrading enzymes and its gene [7, 9, 15] , optimization of culture conditions [1, 3, 13, 23] , and on the inhibitory effect of ε-PL on food-borne microorganisms [2, 28] .
Kahar et al. [13] investigated the influence of pH on ε-PL biosynthesis in batch fermentation. It was found that almost no ε-PL was formed when the pH of the broth was higher than 5.0, despite cell growth being desirable. Interestingly, large amounts of ε-PL were produced when the pH was lowered to 4.0, even though cell growth was poor. To address the inconsistent effect of pH on cell growth and ε-PL production, a two-stage pH control fedbatch fermentation method was developed. The operating procedures for this method are as follows: during fermentation, the pH of the broth naturally decreases from 7.0 to 5.0; when this level is reached, it is maintained to facilitate cell growth and increase biomass density. The cultivation period from the time of inoculation to the end of the pH 5.0 control period was designated as Phase one. After Phase one, the pH was allowed to decrease to around 4.0, and was thus maintained until the end of the fermentation process. The pH 4.0-controlled period was defined as Phase two.
Next, ε-PL-degrading enzymes present in the cell membrane of ε-PL-producing strains, including S. albulus and Kitasatospora sp., were isolated and characterized as membrane proteins [7, 15] . It was reported that the activity of ε-PL-degrading enzymes was maintained between 9.0 and 5.0, and no activity remained at pH 4.0 or lower. The degradation of ε-PL was performed by an exo-type mode. Therefore, it is likely that the accumulation of ε-PL in broth at pH 4.0 or lower was due to the inactivation of ε-PLdegrading enzymes under conditions of low pH. However, cells of ε-PL-producing strains are very sensitive to low pH, resulting in poor cell growth during the production phase. For this reason, high biomass cannot be achieved under normal culture conditions, and thus, insufficient biomass is a major problem during the fermentative production of ε-PL.
To increase cell biomass, immobilized cell fermentation of ε-PL was developed using a loofah sponge as the carrier material [32] , significantly improving the productivity of ε-PL. Another advantage of this method is that the immobilized cells can be re-used. In our group, fermentation using immobilized cells combined with in situ adsorption was employed for the production of ε-PL at a flask level and the results were promising [17] . However, the use of these methods for ε-PL production in an industrial process is difficult. Currently, a two-stage pH control fed-batch fermentation is the most commonly used method for ε-PL fermentation.
In the present study, to improve cell growth and ε-PL production, a variety of nitrogen-rich nutrients were individually supplemented into flask cultures growing in the ε-PL phase. Furthermore, the kinetics of ε-PL fermentation was determined using a yeast extract supplement as a reference in the flasks. Thereafter, the most commonly used two-stage pH control fed-batch fermentation was modified by omitting the pH 5.0-controlled period and, instead, coupling nutrient feeding with the pH 3.9-controlled phase. Cultures were examined in a 30 L fermenter.
Materials and Methods

Chemicals
Yeast extract and beef extract were purchased from Guangdong Huankai Microbiological Science and Technology Limited Company. Soybean powder and corn powder were prepared by passing through a 60-mesh gauze screen after grinding. All other chemicals were of analytical purity and obtained from commercial sources.
Microorganisms
The organism used was Streptomyces ahygroscopicus GIM8, an ε-PL-producing strain isolated from soil samples [12] . The strain is stored in the China Center for Type Culture Collection under the collection number CCTCC M2011191.
Medium
Cultures in a fermentor were grown in M3G medium [13] ; the composition (per liter) was as follows: 50.0 g glucose, 5.0 g yeast extract, 10 The feeding medium comprised 800 g glucose and 80 g ammonium sulfate in 1 L of distilled water. The components of this solution were individually prepared, separately autoclaved at 121°C for 15 min, and then mixed after cooling.
Separate 200 g/l solutions of yeast extract, beef extract, soybean powder, and corn powder solutions were prepared and autoclaved at 115°C for 30 min. These were supplemented as nitrogen-rich nutrients.
Seed Culture
A 5 ml spore suspension prepared previously from a slant was transferred to a 1,000 ml shake flask containing 250 ml of sterilized M3G medium. The inoculum was allowed to grow for 20 h in a 150 rpm rotary shaker at 30°C and used as seed culture in subsequent experiments.
Flask Fermentation
Aliquots of seed culture (2 ml) were inoculated in 50 ml of medium contained in 250 ml flasks and cultivated in a 190 rpm rotary shaker at 30°C for 96 h for ε-PL production. For achieving more cells involved in ε-PL biosynthesis, nutrient solutions of yeast extract, beef extract, soybean powder, and corn powder were separately added at 16 h cultivation, just at the onset of ε-PL biosynthesis. Supplementation of the nutrients at 0, 16, and 32 h cultivation was also performed to optimize the time of addition for ε-PL production.
Fermenter Fermentation Procedures
The fermentation was carried out in a 30 L fermenter (BioSTAT DL30; B.Braun Biotech International, Germany) under the following conditions. The precultured seed of 1 L was inoculated into 19 L of sterilized M3G medium in the fermenter with an initial pH of 6.8. The fermentation culture was agitated by a standard six-blade impeller operating at a stirring speed of 300 rpm; the aeration rate was 1 vvm and the culture temperature was 30°C. Changes in pH were detected online with a pH electrode. For inhibition of foam formation, an antifoaming agent was added to the culture broth via an automatically operated antifoam probe.
During the fermentation, the pH of the fermentation broth continued to decrease, and when it reached 3.9 (at approximately 18 h cultivation), this value was maintained by automatically feeding a 12% NH 4 OH solution into the fermenter until the end of cultivation. Meanwhile, yeast extract, soybean powder, or corn powder of 0.5 g in solution (200 g/l) per hour was continuously fed to the fermentor from this time point until the end of fermentation. In the process of fermentation, once the glucose concentration had decreased to approximately 10 g/l, fed-batch cultivation (continuous supplementation of the feeding medium) was initiated to prevent further decline. For the control, operating conditions were identical, but excluded feeding of yeast extract solution.
Analytical Methods
Samples were centrifuged at 12,000 ×g for 10 min prior to analysis of residual glucose and ε-PL. Glucose was measured using the 3,5-dinitrosalicylic acid method. ε-PL was measured with high-performance liquid chromatography as previously reported [13] .
To determine biomass accumulation, 5 ml of culture was centrifuged at 12,000 ×g for 10 min; the cells were resuspended in distilled water, deposited onto preweighed filter paper, and washed twice with distilled water. The filter paper covered with the mycelia was dried to constant weight in a 90°C oven for 12 h and allowed to cool in a desiccator. The biomass was calculated from the weight of the dried paper.
Results
Effects of Nitrogen-Rich Nutrient Supplementation into the ε-PL-Producing Cultures on Cell Growth and ε-PL Production Table 1 indicates that cell growth was significantly increased following the addition of nutrients at all supplemented concentrations, suggesting that the addition of nutrients can effectively support cell growth at an unfavorably low pH. Maximum cell growth was achieved in cultures supplemented with beef extract at 1.0% (w/v) and reached 16.30 g/l, whereas only 11.23 g/l was produced in the control condition. Furthermore, with the exception of beef extract, all tested nutrients at all concentrations boosted ε-PL production. Of these, yeast extract at 0.5% (w/v) enhanced ε-PL production the greatest, resulting in a yield of 2.24 g/l in comparison with the control (1.04 g/l). Notably, the cultures supplemented with beef extract, which showed significantly enhanced growth, did not exhibit an increase in ε-PL production (0.74 g/l) as compared with other treatments and the control. This suggests that some components in beef extract may inhibit ε-PL biosynthesis, without an effect on cell growth.
Influence of Time of Nutrient Supplementation on ε-PL Production
Supplementation of nutrients after 0, 16, and 32 h of cultivation, representing the time points before, just, and after the onset of ε-PL production, respectively, was examined on ε-PL production. The results are shown in Table 2 . It can be seen that for all nutrients examined, the supplementation at 16 h cultivation (just at the onset of ε-PL production) yielded the highest ε-PL yields, and a slightly lower production was observed at supplementation at 32 h cultivation. There were significant differences among the nutrients upon supplementation at 0 h cultivation. For soybean and corn powders, the initial addition increased ε-PL production but was decreased by yeast extract. This may be due to an inhibitory effect by a high level of yeast extract in the broth since it was one of the components in the formulation.
Effects of Nutrient Supplementation on the Kinetics of Flask Fermentation
To clarify how supplemented nutrients affect ε-PL biosynthesis, yeast extract at 0.5% (w/v) was used as a reference, and the kinetics of pH, biomass, ε-PL formation, and glucose consumption were determined. As shown in Fig. 1A , the pH of the culture broth decreased from its initial value of 6.8 to around 4.0 after 16 h cultivation. This pH was favorable for ε-PL biosynthesis. During prolonged cultivation, the pH continued to decrease and was 2.83 at the end of fermentation. Conversely, when 0.5% (w/v) yeast extract was fed to cultures after 16 h cultivation, the pH rose slightly soon after addition, suggesting that cellular metabolism was altered. Then, the decline in pH continued and reached 2.76 at the end of the cultivation period. The difference in pH was not statistically significant between the two cultures. The continuous decrease of pH during cultivation is likely due to the consumption of glucose [13, 23] . Fig. 1B shows that after inoculation, the biomass increased rapidly and almost reached the maximum level (11.38 g/l) after approximately 16 h cultivation, when the cells began to synthesize ε-PL in the control culture. However, a continuous decline in biomass was associated with the ε-PL production phase, probably due to the extremely low pH following cell lysis. At the end of fermentation, only 3.24 g/l biomass remained. In the yeastextract-supplemented cultures, cell growth continued up to 36 h cultivation and reached 15.41 g/l, which was 1.36-fold higher than that in the control (11.38 g/l). After this maximum value had been reached, the biomass began to decrease and fell to 7.67 g/l. Based on these comparative data, it was concluded that nutrient supplementation is an effective means of improving cell growth even at the lowpH ε-PL production phase.
As shown in Fig. 1C , the cells were stimulated to produce ε-PL after approximately 16 h cultivation owing to a favorable pH being reached for ε-PL biosynthesis (pH 4.0). ε-PL concentration continued to increase until 48 h of cultivation with a ε-PL titer of 1.05 g/l. Further cultivation did not lead to an increase in ε-PL production, probably due to nutrient depletion and/or product ε-PL feedback inhibition. Under this nutrient condition, the production period lasted 32 h. As for the supplemented cultures, ε-PL concentrations were below those of the control in the early production phase. This may be due to a rise in pH soon after the addition of yeast extract, which resulted in a pH that was unfavorable for ε-PL biosynthesis. With the pH decline, ε-PL levels increased rapidly and reached a maximum of 2.26 g/l after 84 h cultivation. The production duration was around 68 h, which was significantly higher than that in the control (32 h) cultures, indicating that the ε-PL production period was extended by the nutrient supplement.
As revealed in Fig. 1D , a significant amount of glucose was consumed in the growth phase, which continued into the production phase in both cultures. In the control, 13.24 g/l glucose remained at the end of the cultivation period, from an initial glucose concentration of 30 g/l, whereas only 5.20 g/l glucose remained in the cultures supplemented with yeast extract at the end of the experiment. This suggests that an additional 8.04 g/l was consumed by the cells, due to the addition of yeast extract. The increased glucose consumption may be related to increases in cell growth and ε-PL production.
Profiles of One-Stage pH Control Fed-Batch Fermentation Coupled with Continuous Feeding of Yeast Extract, Corn Powder, or Soybean Powder Solutions and No Nutrient Feeding
Based on the results obtained during flask fermentation, the most commonly used two-stage pH control fed-batch fermentation was modified by omitting the pH 5.0-controlled phase while coupling with nutrient feeding in the pH 3.9-controlled ε-PL production phase. This improved process was referred to as one-stage pH control fed-batch fermentation coupled with nutrient feeding.
The profiles of one-stage pH control fed-batch fermentations in the presence of yeast extract, soybean powder, and corn powder feeding, and without nutrient feeding, are shown in Fig. 2 . This figure shows that the pH of broth decreased rapidly from an initial pH value of 6.8 to approximately 3.9 in the first 18 h of fermentation. The reason for the decrease in pH was the same as that described during flask fermentation. Next, cultures were maintained at pH 3.9 by supplementing with ammonium solution until the end of fermentation. We refer to this pH control scheme as onestage pH control. This pH 3.9-controlled phase favored ε-PL production.
As illustrated in Fig. 2 , after inoculation, the cells adapted to the cultivation conditions quickly and a continuous increase in biomass was observed. At 18 h cultivation, when the cells began to produce ε-PL, the biomass reached around 2.4 g/l in all fed-batch cultures. Notably, cell growth was significantly improved from time of yeast extract, soybean powder, or corn powder feeding compared with the control. In yeast extract supplemented cultures (Fig. 2A) , the biomass continued to increase up to 264 h, reaching 24.8 g/l. A slight increase in biomass was observed during the prolonged cultivation period. Following supplementation with soybean and corn powder (Figs. 2B  and 2C ), the maximum biomass achieved was 25.6 g/l at 288 h fermentation, for each. In the control culture (Fig. 2D) , cell growth had almost ceased by 168 h, yielding a maximum biomass of only 15.6 g/l, and further cultivation did not lead to increased cell growth, possibly implying a state of nutrient depletion. Therefore, yeast extract supplementation yielded 59% more biomass than the control, and this value was 64.1% for both soybean powder and corn powder supplementation. Therefore, continuous feeding of nutrients is an efficient means of improving cell growth during ε-PL fermentation.
ε-PL production was initiated at 18 h fermentation owing to an optimal pH of around 4.0 being attained, and the maximum production of 14.7 g/l was reached by 168 h in the control culture. Prolonged cultivation yielded no further increase. The duration of ε-PL production was approximately 150 h. With continuous feeding of nutrients into cultures from 18 h to the end of fermentation, ε-PL production was sustained from 18 to 264 h (yeast extract), 288 h (soybean powder), and 288 h (corn powder) fermentation, with slight increases persisting throughout the remaining time (data not shown). This implies that the production of ε-PL continued for at least 246, 270, and 270 h for yeast extract, soybean powder, and corn powder supplements, respectively, 1.64-, 1.8-, and 1.8-fold longer than in the control culture. At the end of fermentation, the yeast extract supplement resulted in the highest amount of ε-PL production, reaching 28.2 g/l at 288 h fermentation, which was 91.8% higher than that produced in the control (14.7 g/l).
In soybean powder and corn powder supplemented cultures, ε-PL production reached 23.7 g/l and 21.4 g/l, respectively, which was 61.2%, and 45.6% higher than that produced by the control. Fig. 2 shows that glucose consumption was rapid during both the growth and production phases, and was mainly used for cell metabolism, cell growth, and ε-PL production. Furthermore, glucose consumption almost ceased with termination of ε-PL biosynthesis. The termination of glucose utilization may be related to a loss of cellular activity.
Discussion
Previous studies have demonstrated that as a secondary metabolite, the biosynthetic pathway of ε-PL is very complex [14, 22, 29, 30] , but the stages of its biosynthesis process remain unclear. Usually, a variety of environmental and nutritional factors such as cell morphology, culture parameters, and nutritional status can greatly affect ε-PL biosynthesis. In the present study, a significant increase in the cell density and production duration was achieved by feeding nutrients to ε-PL-producing cultures in a flask or in a fermenter. These two variables may be responsible for the increase in ε-PL production. Furthermore, as these nutrients contain minerals, vitamins, and other bioactive compounds, some important enzymes associated with ε-PL biosynthesis may be beneficially regulated by some components of these nutrients. Thus, these may act as coenzymes, resulting in increased ε-PL synthesis rate and production. To understand the possible mechanism for this, detailed molecular studies are needed.
During the last decade, a variety of fermentation processes such as immobilized cell fermentation [32] , precursor L-lysine feeding fermentation [4] , and two-stage pH control fermentation [13] have been developed. Among these, twostage pH control fed-batch fermentation is the most commonly used method for the industrial production of ε-PL. However, one drawback with this approach is that the onset of ε-PL biosynthesis is artificially delayed owing to the setup of a pH 5.0-controlled period in this process. It is reasonable to suspect that the cells that grow before and in the pH 5.0-controlled period may be compromised and, therefore, the capacity of these cells to produce ε-PL may be affected when they enter the production phase. Moreover, the culture goal for high biomass remains difficult to achieve using an additional pH 5.0-controlled phase. Another disadvantage is that nutrient depletion may have occurred because the process lasts for over a week, during which only a mixture of glucose and ammonium sulfate was fed to the cultures.
To overcome these limitations, one-stage pH control fedbatch fermentation coupled with nutrient feeding was proposed and examined in the present study. The results are promising. In comparison with the two-stage pH control process, the process developed in this study has the following benefits: (i) nutrient feeding would continuously improve cell growth; (ii) large amounts of the biomass would be produced during the nutrient feeding phase, and these cells could immediately begin ε-PL biosynthesis without loss of any cellular production capacity; and (iii) supplementation can avoid nutrient depletion during the ε-PL production phase. These benefits may explain the significant enhancement in ε-PL production from this method.
From an economic point of view, the cost of supplements must be factored into the development of a commercially viable fermentation process for industrial application, because it would greatly influence the economic viability of the process. In the present study, using yeast extract supplementation as an example of fed-batch fermentation, the total amount of yeast extract supplemented was 135 g, calculated from the feeding amount per hour multiplied by feeding hour (0.5 g/h × 270 h). In this case, the additional production of ε-PL attained was 270 g [(28.2 g/l-14.7 g/l) × 20 L]. Specifically, 1 g of yeast extract supplement resulted in an additional increase of 2 g of ε-PL, based on glucose consumption. Thus, this strategy of nutrient feeding is economically viable, as the market price of ε-PL yeast extract was about 290.3 USD per kilogram, while this value was 19.2 USD for yeast extract, at the time of this study. Furthermore, the increased cost due to greater glucose consumption was low. Interestingly, soybean and corn powders also produced promising results; therefore, the ε-PL production costs could be further reduced by using these cheap nutrients. Overall, these factors suggest that this process is viable. Usually, ε-PL production would be further increased by optimizing the amount of supplement, feeding mode, formulation of nutrients, and other variables.
In conclusion, supplementation of the nitrogen-rich nutrients yeast extract, soybean powder, or corn powder into flask cultures during the ε-PL production period can greatly improve cell growth and ε-PL production. Yeast extract, followed by soybean powder and corn powder, had the most significant effect on enhancing ε-PL production. Conversely, beef extract decreased ε-PL production, despite being the most effective at increasing the biomass. The supplementation was optimum when added at a cultivation time just (16 h cultivation) at the onset of ε-PL biosynthesis in flask cultures. The one-stage pH control fed-batch fermentation coupled with nutrient feeding can significantly increase ε-PL production, and is economically viable. This process is a promising candidate for mass production of ε-PL on an industrial scale.
